Recycling of asphalt concrete is increasingly used as a major rehabilitation method in Japan because it can conserve natural resources, reduce costs and save energy. In this study, reclaimed asphalt concrete from Tokyo International Airport was evaluated for use in four types of base materials: recycled granular material, recycled cement stabilized material, recycled cement-emulsified asphalt stabilized material and recycled hot-asphalt stabilized material. The results of laboratory tests indicated: 1) These materials can satisfy base course and subbase requirements, and 2) they are sensitive to temperature and water.
BACKGROUND
Old asphalt concrete is generated during most pavement resurfacing and reconstruction projects in airports and highways. This material can be economically reused as a good quality paving material that conserves aggregate and a sphalt, reduces transportation requirements, eliminates disposal problems, and lowers fuel consumption. Recycling of old asphalt concrete is not a new idea, but dates back to World War II. It is currently an important process in several countries that provides a useful source of aggregate for the construction industry from old asphalt concrete.
For example, in Canada asphalt concrete recycling has become a key component of the paving industry 1) . Methods and equipment for a range of cold and hot asphalt concrete recycling processes are well developed and widely used across Canada, particularly in highway projects and urban areas.
In Japan, asphalt concrete has become increasingly recycled as a major rehabilitation method since the Law on Recycling of Waste Materials took effect. Besides reducing costs and saving energy, the conservation of natural resources is even more important because Japan is relatively poor in natural aggregate reserves. For pavement rehabilitation projects at airports, all of the reclaimed materials must be used within the same project. A series of laboratory tests were conducted as a fundamental study to develop this strategy.
In this study, four types of base materials from reclaimed asphalt pavement (RAP) were evaluated: recycled granular material (RGM), recycled cement stabilized material (RCSM), recycled cement-emulsified asphalt stabilized material (RCESM) and recycled hot-asphalt stabilized material (RHSM). The primary objectives of this study were as follows. 1) Evaluate the performance of recycled base materials from Tokyo International Airport; 2) Determine the procedure for preparing these base materials to meet the specification.
PERFORMANCES OF MATERIALS
The following materials were used in this study: reclaimed asphalt pavement (RAP) from Tokyo International Airport, crusher-run C -40, Portland cement, asphalt emulsion, virgin asphalt (Straight asphalt 60/80) and recycling agent. Table 1 and  Table 2 give the grain size analysis and the key 86 Table 6 Gradation ratio of RAP Grain size (mm) 20-13 13-5 5-0 Weight ratio (%) 21.8 39.5 38.7
Modified (%)
Ratio of RAP (%)
Fig.1 Modified CBR test for RGM
performance characteristics of the aggregates, respectively. Table 3 and Table 4 also show the properties of asphalt emulsion and recycling agent, respectively. The asphalt extraction test (Soxhlet method) 2) was used to evaluate the p erformance of the reclaimed asphalt pavement. Table 5 shows the results. The penetration of the recycled asphalt is 23
(1/100cm).
COMPOSITION DESIGNS AND PROPERTIES OF BASE MATERIALS
In this study, the properties of the four types of materials were investigated.
(1) Recycled granular material (RGM) a) Composition
The simplest use of old asphalt concrete is uniform blending, at a plant or in-place, of suitably processed, reclaimed asphalt pavement (RAP) with conventional granular material for base course or subbase applications. The recycled granular material in this study was composed of RAP or/and crusher-run C-40. The RAP is classified into three different grain sizes with gradation ratios given in Table 6 . For recycled granular material (RGM), five combinations of RAP and C-40 were tested at 40 3) , with RAP ratios of 100%, 75%, 50%, 25% and 0%. Table 7 gives their combined gradations. To obtain adequate RGM compaction, care must be taken to avoid segregation. The compaction and modified CBR tests 2) were employed for these gradations to determine the optimum ratio of RAP in RGM. Table 8 summarizes the results. Fig.1 shows the relationship between the modified CBR and the ratio of RAP. The CBR of RGM decreases significantly for RAP ratios greater than about 20%. Based on the current specification 4) , the modified CBR should be over 80% for the base course and over 30% for the subbase of asphalt pavements, and over 45% and 20% for the base course and subbase, respectively, for concrete pavements. Consequently, when a target modified CBR is specified, the corresponding ratio of RAP can be determined from the figure (seen in Table 9 ).
The compaction test was also used to verify the compositions (Table 10) . Figs. 2 and 3 show the relationship of the ratio of RAP to the maximum dry density and optimum water content, respectively. These figures confirm the ratios of RAP listed in Table 9 . Unfortunately, the use of RAP in RGM does not have a major advantage for reclaimed asphalt concrete.
b) Properties
Based on the ratios of RAP in Table 9 , the modified CBR test and the CBR test were conducted to evaluate the performance of RGM under different temperatures and curing methods. Fig.4 shows the effect of temperature on the modified CBR. Obviously, the modified CBR is higher at lower temperatures. Moreover, the modified CBR increases with decreasing ratio of RAP. This phenomenon shows that RGM is sensitive to the temperature. Therefore, if the material is used in hot locations, the ratio of RAP should be strictly controlled. water. Therefore, if RGM is used for a base course, a good drainage system is necessary.
(b) For the same curing method, the CBR of RGM for a subbase at 20 is greater than that at 40 ; whereas for a base course with a RAP ratio of 3%, the conclusion is opposite. The case again shows that RGM with a large ratio of RAP is very sensitive to temperature.
(2) Recycled cement stabilized material (RCSM) a) Composition
The aggregates used were the same as those of the RGM. However, the portion with a grain size of 26.5 and larger was removed. Four ratios of RAP (100%, 75%, 50% and 25%) were evaluated with compaction tests and unconfined compression tests 2) . The c ement content in the samples for the compaction test was 4% and 8%, while contents of 2%, 4%, 6%, 8% and 10% were used for the unconfined compression test. Table 10 and Table 11 give the results for the compaction and unconfined compression tests, respectively. Regardless of the RAP ratio, the cement content significantly effects the maximum dry density and optimum water content of RCSM. Fig.6 indicates the relationship between the unconfined compression strength and the cement content. According to the relevant specifications for airports 4) , the unconfined compression strength of RCSM should be not less than 3 N/mm 2 for the base course, nor less than 2 N/mm 2 for the subbase.
Cement contents that satisfy the requirements for various RAP ratios can be obtained from Fig.6 . Unconfined compression tests were conducted to Table 13 indicate that the cement contents in Table 12 can satisfy the strength requirement for a base course in an airport. The gradation of RCSM was thus determined.
b) Properties
This study incorporated the unconfined compression test, the freeze-thaw test and the dry-wet repeated test. Table 15 shows the test results. The temperature, period and method of curing have a great effect on the properties of RCSM. When other conditions are same, the strength at 20 is higher than that at 40 , showing that RCSM is also sensitive to temperature. The strength of RCSM increases with the curing period, which is similar to its effect on cement concrete. Although the strength when cured in water is less than that in air, the properties of RCSM can satisfy the specified requirement with a suitable cement content.
The freeze-thaw test and the dry-wet repeated test were conducted to evaluate the durability of RCSM. The results, shown in Table 16 and Table 17, indicate that RCSM has good durability, so it can be used in areas with severe climate conditions.
(3) Recycled cement-emulsified asphalt stabilized material (RCESM) a) Composition
The aggregates and other components were the same as those used in the recycled cement stabilized . Table 18 and Table 19 give the results of the compaction and unconfined compression tests, respectively. The cement content has a clear effect on RCESM. Fig.7 easily provides the cement content for a given unconfined compression strength under different ratios of RAP. Consequently, Table 20 shows the determined gradation of RCESM that satisfies the base requirement.
b) Properties
The unconfined compression test was conducted to investigate the effect of temperature and curing method on the properties of RCESM. Table 21 shows the results, which suggest the following conclusions: (a) Strength decreases with increasing temperature, which indicates that RCESM is also sensitive to the temperature. (b) The curing method has a significant influence on the properties. Curing in air is better than in water. (c) The required strength may not be achieved if the temperature is high and the ratio of RAP is large.
(4) Recycled hot-asphalt stabilized material (RHASM)
Hot-mix recycling of asphalt concrete is used increasingly as a primary rehabilitation method by pavement agencies throughout Japan. However, it is a complex process that will be researched in another special study. Therefore, in this study, only the RHASM composition with a 100% RAP ratio was analyzed. Table 22 gives the combined gradation of RHASM, which is within the standard range of grain size. As discussed previously, penetration of the recycled asphalt is 23 (1/100cm), which does not satisfy the target design penetration of 70 (1/100cm). Consequently, a recycling agent is required with a content determined by the weight of the recycled asphalt. In this test, the content was 11.7%. The Marshall test 2) was conducted to evaluate the gradation. 
CONCLUSIONS
The followings are the main conclusions of this study to conduct to use reclaimed asphalt concretes fully.
1) All types of recycled materials that contain reclaimed asphalt concrete can satisfy the requirements for a base course and a subbase.
2) Recycled materials are sensitive to temperature and water. Thus, it is very important to decide the ratio of RAP for the recycled materials based on the local environmental conditions.
3) RCSM, RCESM and RHASM are more suitable than RGM for using large amounts of recycled asphalt concrete.
